Necropsy data from a series of 8 patients diagnosed during life as having chronic sinoatrial disorder (sick sinus syndrome) are presented. The morphology of the cardiac conducting system was studied by serial section, and the coronary vasculature was examined in detail in 5 of the 8 patients by the injection of a radiopaque medium, and in all 8 by routine histological methods. The sinoatrial nodes were found to be abnormal in 7 of the 8 patients. In 4 the node was atrophic, in 3 there was a pronounced increase in the amount offibrous tissue present in the node, and in only one case did the node appear normal on light microscopy. In 1 of the 3 patients withfibrosed nodes amyloid tissue was found in the node itself, and heavy deposition was noted in the atrial musculature surrounding the node. The sinoatrial-node artery was patent in all cases and major narrowing of the larger coronary arteries was found in only 1 case. Histological abnormalities were found in the atrioventricular conducting tissue in all but 1 case, changes being seen either in the atrioventricular node or in the His-Purkinje system. It is concluded that the aetiology of sinoatrial disease is multifactorial, but that at least in the cases studied coronary arteriosclerosis was not responsible.
Since the description by Short (1954) of a syndrome of alternating bradycardia and tachycardia, there has been a growing volume of published reports on what has become known as sinoatrial disorder (Lloyd-Mostyn et al., 1973) . There have been papers from several countries describing its various clinical features, and modes of presentation, under such synonvms as sick sinus or lazy sinus syndrome (Bouvrain et al., 1967; Ferrer, 1968; Shaw and Eraut, 1969) . Furthermore, the treatment of the condition using both electrical and pharmacological methods and its mortality and morbidity have been described (Eraut and Shaw, 1971; Aroesty et al., 1974) , and a complete monograph on the subject has recently been published (Ferrer, 1974) .
There have been, however, very few reports of necropsy studies; indeed, a review of the published material produced only 11 cases of sinoatrial disorder of a chronic nature, in which some specialised examination of the conduction system had been undertaken at necropsy (Rossi, 1969; Patton et al., 1970; Rasmussen, 1971; Rosen et al., 1971; Rubinstein et al., 1972; Kaplan et al., 1973; Kulbertus et al., 1973; Warembourg et al., 1974; Sauerwein et al., 1976) . Of these, the morphology of the sinoatrial node, atrial musculature, and the other parts of the specialised conducting system of Received for publication 14 December 1976 the heart, together with its vascular supply were adequately described in only 7 (Rosen et al., 1971; Kaplan et al., 1973; Kulbertus et al., 1973; Warembourg et al., 1974; Sauerwein et al., 1976) .
The study described here was undertaken to investigate the morphological changes associated with sinoatrial disorder. Since arteriosclerosis was a common finding in the cases previously reported, a particular attempt was made to study the vascular supply to the sinoatrial node and lower part of the conducting system.
Subjects and methods
Material for the study was obtained from patients dying while in the Devon Heart Block and Bradycardia Survey (Shaw and Eraut, 1970 Hearts from 8 patients fulfilling these criteria subsequently became available at necropsy. All patients had had electrocardiographically documented bradycardia, with a heart rate below 40 beats per minute, and all patients in whom a more extensive investigation was possible had shown such features as sinus arrest or supraventricular tachycardia. Conduction disturbances had also been shown in 4 of the 8 patients; these ranged from right bundle-branch block to complete heart block. Average follow-up time for the patients was 3 years and permanent pacemakers had been used in 2 (see Tables 1 and 2) .
Necropsies were carried out as soon as possible after death, and the heart was removed complete, care being taken to retain 2 to 3 cm of the proximal portion of the superior vena cava, in order to obtain the sinoatrial node intact. Furthermore, this method avoided damage to the coronary arteries so that post-mortem angiography could be undertaken. Five of the 8 cases were suitable for perfusion, and in these the coronary vasculature was injected with a radiopaque medium. Originally a barium-gelatin mixture was used; latterly, however, the coloured barium suspension, Colorpaque, was used, and this is now felt to be the method of choice (FarrerBrown, 1968) , since the material consistently penetrated into vessels of a diameter of between 25 and 30 ml±m. The vessels were perfused with the mixture at a pressure of 130 mmHg for 10 minutes. After injection, the hearts were x-rayed on fine grain industrial film (Industrex-D Kodak) using an ElemaSchonander skull unit; in addition, in 2 cases use was made of the xero-radiography process, plates being taken on a Sennengraph machine of the type used for mammography. A block of tissue containing the sinoatrial node was then removed, and pinned out flat. This block included the whole of the superior vena caval ring, the crest of the right atrium, the sinoatrial node and its immediate approaches, and part of the roof of the right atrium. This portion was then re-x-rayed in order to show the vasculature in the area of the sinoatrial node. The heart was fixed for 2 to 3 weeks, and then blocks were taken for histological examination. During this process the interventricular septum was dissected free of the walls of the ventricles and re-x-rayed to examine the vascular supply to the atrioventricular node and bundle of His.
Some 30 to 40 blocks of tissue were taken, including representative portions of both atria, the interatrial septum, the coronary arteries, the sinoatrial-node artery, the approaches to the sinoatrial node, the atrioventricular node, the main bundle, and the bundle-branches, the right and left ven- Dizzy attacks Non-paced Bronchopneumonia tricles, and the interventricular septum. The method used was a modification of that described by Davies (1967) . The blocks which contained the sinoatrial node were sectioned at a thickness of 6 um, every 10th section was stained for study, and every 5th kept in reserve. A similar procedure was followed with the atrioventricular node and bundle and bundlebranches. Representative sections were taken from all of the other blocks for study.
The tissue was stained with either haemotoxylin and eosin, Verhoeff, van Gieson, or the Lendrum modification of the trichrome stain. Sections from all cases were also stained with Alcin blue (Lendrum et al., 1972) in an attempt to show any infiltration with amyloid material. The angiographic plates were compared with 50 other angiograms performed on patients without evidence of sinoatrial disorder, and histology was compared with the sections obtained from 40 patients who had normal sinoatrial function before death.
Results

VASCULATURE
In 1 of the 8 cases (case 35) the angiograms indicated a poorly preserved vasculature, with all 3 major vessels being severely narrowed, particularly those on the left side, which were almost completely blocked in several areas. These findings were confirmed on later microscopy. In 1 further case (case 11) angiography showed mild to moderate narrowing of the major vasculature, the anterior descending branch of the left coronary being most seriously affected. Histological studies confirmed the narrowing to be the result of atheromatous deposit. In the remaining 6 cases the main coronary vessels showed surprisingly little atheroma (Fig. 1) . In all the cases in which angiography was possible (5 of the 8), the artery to the sinoatrial node was well seen (Fig. 2) , even in the 2 cases (cases 11 and 35) where there was atheromatous narrowing of the major vasculature.
The artery to the sinoatrial node was found to be patent in all 8 cases. It originated from the right coronary artery in 6 subjects, and from the circumflex branch of the left coronary artery in the remaining 2. On microscopy the artery was normal in 6 of the cases, and showed mild medial hypertrophy in the remaining 2 cases. The artery to the atrioventricular node and main bundle was patent in all 8 cases (Fig. 3) , and in every instance the posterior descending artery which gave rise to the vessel was a branch of the right coronary. In 6 subjects the artery was normal, and in the remaining 2 showed mild medial hypertrophy. The artery supplying blood to the atria and sinoatrial node originates from the right coronary within 2 to 3 cm of its origin and runs upwards towards the centre of the upper third of the frame.
MORPHOLOGY OF CONDUCTING TISSUE
Sinoatrial node
The normal sinus node consists of a discrete meshwork of fibrous tissue surrounding a central artery. The specialised muscle (or pacemaker) cells are intertwined in the fibrous tissue (Fig. 4) , and usually make up between 40 and 50 per cent of the nodal surface area as determined by point counting techniques (Davies and Pomerance, 1972) .
In 7 of the 8 patients described in this series the sinus node was significantly abnormal. In 4 cases (cases 4, 36, 37, and 39) the nodes were very small ( Fig. 5 and 6 ), and are described as atrophic in Table 3 , which summarises the histological findings.
The normal sinoatrial node, with the usual ratio of muscle to fibrous tissue shown in Fig. 4 , can be directly compared with the atrophic node in Fig. 5 (case 4), which is illustrated at the same magnification ( x 50). The bulk of the node can be seen to be reduced. This is even more obvious in Fig. 6 (case 36), where the magnification is twice that of the normal node as illustrated in Fig. 4 , and yet nodal tissue makes up only a very small proportion of the frame. In 2 cases (cases 36 and 39) the Fig. 2 Detailed view of the sinoatrial node artery seen in Fig. 1 (case 36) . The upper margin of the block consists of the superior vena cava opened out and laid flat. The lower margin is made up of the wall of the right atrial appendage. The artery to the sinoatrial node can be seen curving across the block. The node would be expected to lie more or less in the centre of the frame, around the artery, below the metallic marking tie.
atrophic nodes were completely surrounded by adipose tissue which appeared to cut them off from the atrial myocardium on the sinoatrial node approaches.
Three patients (cases 11, 17, and 35) had nodes which were normal in size, but had very few specialised muscle fibres (less than 10% on point counting). A representative section from one of these nodes is shown in Fig. 7 , taken at the same magnification as the normal node in Fig 4; there is little muscle tissue, which appears stained black, compared with the amount seen in the normal node (Fig. 4) , but there is no reduction in the over-all size of the node, presumably because of a concomitant increase in the amount of fibrous tissue. In case 11 deposits of amyloid tissue were seen in the node, in addition to fibrous replacement of the node.
In 1 patient (case 5), the sinus node was normal in histological appearances.
Atrial musculature
The atrial musculature of the sinoatrial-node approaches, interatrial septum, and atria in general, including the areas where the so-called intra-atrial and internodal tracts would be expected to run, showed mild to moderate changes in 7 of the 8 cases. These consisted of mild fibrosis or slight fatty infiltration, and in 1 of these 7 cases there was a very slight deposition of amyloid material. In the 8th case there was heavy infiltration throughout the atrium with amyloid material, the muscle of the interatrial septum being completely replaced by this substance.
Atrioventricular node and bundle
The atrioventricular node and main bundle in 4 of the cases showed only minor changes, with some atrophy, slight fibrosis, and occasional mild fatty infiltration. In the remaining 4 cases, which were the ones who had conduction disturbances recorded in life, the changes were generally more widespread and severe. In cases 5 and 36 there was a moderate amount of fibrous replacement of the main bundle, particularly as it reached the summit of the interventricular septum before dividing into the right bundle-branch and the fascicles of the left bundle. In case 11 the changes were much more severe; there was a very atrophic atrioventricular node, with pronounced fibrosis, complete replacement of the main bundle by fibrous tissue, and occasional amyloid deposits throughout the conducting system.
Sections from case 39 showed a small atrioventricular node with pronounced fibrosis. Fibrosis was also present in the main bundle, and there was complete replacement of muscle by fibrous tissue in the right bundle-branch.
Discussion
Acute disturbance of sinus node function is relatively common immediately after myocardial in- On the left of the picture, the posterior descending artery runs vertically down the back of the interventricular septum, and on the right the anterior descending artery corresponds with it, running down the front of the interventricular septum. The septum is well vascularised and the artery to the atrioventricular node can be seen originating from the posterior descending artery, just before that vessel makes an acute bend.
farction (James, 1968; Rokseth and Hatle, 1971) , and sinus-node arterial thrombosis has been reported in patients dying soon after the event (James, 1961; Lippestad and Marton, 1967) . Normal function usually returns within a few days (Fluck et al., 1967) , though authors reporting longterm follow-up of patients after infarction draw conflicting conclusions (Hatle et al., 1976; Parameswaran et al., 1976) . Similarly the incidence of a past history of a myocardial infarct differs between series of cases with chronic sinoatrial disorder (Conde et al., 1973; Hartel and Tarvensaari, 1975; Shaw, 1976) . In the few previous necropsy descriptions of patients dying with chronic sinoatrial disorder, several authors found arteriosclerosis of the coronary vasculature and thereby imply that ischaemia is the cause of the disturbance of sinus node and atrial function (Rosen et al., 1971; Kaplan et al., 1973; Kulbertus et al., 1973; Aroesty et al., 1974) (6) Congenital abnormalities of the sinus node. Dighton (1974) has suggested that there may be a deficiency of the enzyme cholinesterase in the autonomic nerve fibres in the sinoatrial node. Unfortunately, this hypothesis is difficult to verify with currently available techniques on material which is often 24 to 48 hours old when removed at necropsy. Such an abnormality would not be detectable on light microscopy but would be a possible explanation for the nodal dysfunction seen in the case with apparently normal sinus node structure in this series (case 5). Infiltration with amyloid may well be a cause of sinoatrial disorder in a few cases.
Indeed, Kaplan et al. (1973) report a case in which amyloid tissue was found in the atrium and interatrial septum of a case with sinoatrial disorder, where amyloid itself was not found in the conducting system. In 1 case in this series (case 11) amyloid was found in the atria, the ventricles, and the conducting tissue system, and in a further case, amyloid appeared to be an incidental finding.
Pathological studies in sinoatrial disorder~~~~A A Fig. 4 Normal sinoatrial node. (Lendrum trichrome. x 50.) Virtually the whole area of the figure is taken up by the sinoatrial node in which muscle tissue appears to be stained black. The sinoatrial node artery is in the right corner of the section and a fringe of atrial muscle appears along the bottom. Pearson (1945) reported a case of sinus bradycardia with cardiac asystole, and in a later paper (1950), described the post-mortem finding of infiltration of the mediastinum by an oat-cell bronchial carcinoma involving many of the major nerve trunks. Morphological changes in the neurones around the sinoatrial node have been described in one case (Rossi, 1969) , and though it is reasonable to assume that such abnormalities may affect cardiac rhythm, no evidence was available from the cases examined in this study to confirm a neural aetiology of sinoatrial disorder.
The principal findings in 7 of the 8 cases described here were of atrophy or heavy fibrosis in the sinoatrial node. It was suggested by Fowler et al. (1969) that the pathology of sinoatrial node disorder might be comparable with that found in idiopathic heart block and indeed atrophy and fibrosis do occur in the latter condition. Furthermore, the changes detected in this series were not limited to (Fig. 4) . No reduction in the overall bulk of the node.
the sinoatrial node, but also involved the atrial musculature, the sinoatrial node approaches, the interatrial septum, where the so-called internodal tracts would be expected to run, and the distal portion of the conducting system. The fibrosis seen in the sinoatrial node and sinoatrial node approaches could be the end result of one of a number of previous pathological conditions. Infective and inflammatory diseases, such as diphtheria, rheumatic fever, or viral pericarditis, might be followed by damage and replacement fibrosis, and have been blamed by some authors for causing sinoatrial disorder (Rasmussen, 1971; Rokseth and Hatle, 197 1; Ferrer, 1973) . Autoimmunological mechanisms have been suggested for the fibrosis and degeneration seen in heart block (Fairfax and Leatham, 1975) , and similar mechanisms might apply in sinoatrial disorder. Certainly the results presented here should not be interpreted in such a way as to rule out the possibility of small blood vessel disease since the methods used were not capable of allowing accurate assessment of vessels smaller than 30 Cum. The hypothesis that sinoatrial disorder may have a congenital or familial basis is supported by papers by Williams et al. (1972) and Caralis and Varghese (1976) . The former authors described 3 of 5 children in a family who had episodes of persistent atrial standstill, but histological studies are not available.
It appears that sinoatrial disorder may be produced by a variety of conditions and could, therefore, be considered comparable to chronic atrioventricular block. In case 5, where the sinoatrial node was normal to light microscopy, an ultrastructural or cholinesterase production defect could not be ruled out. Loss or replacement of pacemaker tissue was, however, the usual finding, without significant coronary artery disease. Where the outline of the sinus node appears very reduced in size (atrophy) a congenital aplasia or hypoplasia could be postulated. In contrast, when nodal size is normal but specialised muscle tissue is replaced by fibrous tissue (fibrosis), an acquired disease, perhaps myocarditic or autoimmune, can be postulated, while further information is required concerning the smaller blood vessels. Age-related loss of specialised nodal fibres, which is almost universal, would potentiate either nodal hypoplasia or fibrosis.
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